Mitochondria and peroxisomes execute some analogous, nonredundant functions including fatty acid oxidation and detoxification of reactive oxygen species, and, in response to select metabolic cues, undergo rapid remodeling and division. Although these organelles share some components of their division machinery, it is not known whether a common regulator coordinates their remodeling and biogenesis. Here we show that in response to thermogenic stimuli, peroxisomes in brown fat tissue (BAT) undergo selective remodeling and expand in number and demonstrate that ectopic expression of the transcriptional coactivator PGC-1α recapitulates these effects on the peroxisomal compartment, both in vitro and in vivo. Conversely, β-adrenergic stimulation of PGC-1α
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−/− cells results in blunted induction of peroxisomal gene expression. Surprisingly, PPARα was not required for the induction of critical biogenesis factors, suggesting that PGC-1α orchestrates peroxisomal remodeling through a PPARα-independent mechanism. Our data suggest that PGC-1α is critical to peroxisomal physiology, establishing a role for this factor as a fundamental orchestrator of cellular adaptation to energy demands.
organelle biogenesis | adaptive thermogenesis | energy metabolism P eroxisomes differ substantially from mitochondria both from a structural and evolutionary perspective, with the former derived from the endoplasmic reticulum and the latter originated through endosymbiosis (1) . Yet, these two organelles exert converging functions on fatty acid degradation and reactive oxygen species (ROS) detoxification. Peroxisomal β-oxidation enzymes such as acyl-CoA oxidase 1 (ACOX1), enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase (PBFE), and 3-ketoacyl-CoA thiolase (PTHIO) reduce fatty acids with carbon chains longer than 22 (2) , whereas mitochondrial β-oxidation enzymes only oxidize fatty acids with less than 22 carbon atoms. This substrate specificity implies a potential dependency of mitochondria on peroxisomes. The close interrelationship between these two organelles is further displayed in peroxisomal diseases such as Zellweger syndrome, characterized by absence of functional peroxisomes, or X-linked adrenoleukodystrophy, caused by a defect in the gene responsible for transport of very long fatty acids into peroxisomes. Affected tissues in these patients show profound abnormalities in both mitochondrial morphology and function (3) .
In the past few years much effort has been spent in understanding the regulatory mechanisms governing mitochondrial function. PPARγ coactivator-1α (PGC-1α) has emerged as a critical regulator of energy homeostasis. In a variety of tissues, PGC-1α controls oxidative phosphorylation through expression of genes involved in the mitochondrial respiratory chain by cooperating with ERRα (4, 5) and NRF2 (6) and activates the β-oxidation gene expression program by synergizing with PPARα (7). Originally identified as a PPARγ-interacting molecule in brown fat tissue (BAT) (8) , PGC-1α is induced in response to cold exposure and has been implicated in adaptive thermogenesis through its role in controlling mitochondrial remodeling and biogenesis (6, (9) (10) (11) .
Increased energy demands, especially during periods of adaptive thermogenesis, require rapid and coordinated cellular responses to maximize efficient utilization of fatty acids as substrates. The similarities and interrelationship of mitochondria and peroxisomes with regard to energy utilization suggest the existence of a broader regulatory connection. We hypothesized that during periods of increased energy need, the transcriptional coactivator PGC-1α orchestrates not only mitochondrial remodeling but also peroxisomal specialization and biogenesis. Here we show that PGC-1α coordinates peroxisomal remodeling and abundance and that this function is via a PPARα-independent mechanism.
Results

Brown Fat Peroxisomal Compartment Undergoes Remodeling and Biogenesis During Terminal Differentiation and Thermogenic
Responses. Differentiation of brown fat cells is accompanied by mitochondrial remodeling and biogenesis (11) . The close functional interrelationship between mitochondria and peroxisomes suggested the possibility that peroxisomes may similarly undergo remodeling and/or biogenesis during brown fat differentiation. Fig. 1A shows that genes involved in peroxisomal β-oxidation and biogenesis were induced during adipogenesis. These changes were paralleled in mitochondria with the induction of genes involved in mitochondrial β-oxidation and oxidative phosphorylation (Fig. 1B) .
BAT assists in adaptation to cold challenges through futile substrate-energy cycles. Morphological studies conducted in the early 1970s using electron microscopy on rodent brown fat showed that the abundance of peroxisomes in this tissue changes during cold exposure (12) . To examine whether peroxisomal gene expression is regulated during cold adaptation, we determined whether the expression of peroxisomal enzymes, biogenesis, membrane assembly, and docking factors is affected by cold exposure. We found that peroxisomal genes are induced during thermogenic responses (Fig. 1C ) in parallel to PGC-1a and UCP1 (Fig. 1D) . To assess whether these alterations in peroxisomal gene expression are accompanied by organelle biogenesis, we quantified the number of peroxisomes within each cell by immunohistochemistry using antibodies to PMP70, a peroxisomal membrane protein that has been reliably used as a marker for peroxisomes. The number of peroxisomes in BAT of cold-exposed mice was significantly higher than that of mice kept at thermoneutrality ( Fig. 1 E and F) .
PGC-1α Promotes Peroxisomal Remodeling and Biogenesis. The coordinated responses of peroxisomes and mitochondria to cellular differentiation and cold exposure suggest a common regulator. To assess whether PGC-1α could play such a role, we asked whether PGC-1α could regulate peroxisomal function and biogenesis. First, we overexpressed PGC-1α in several cell lines to measure its effects on the levels of functional and structural peroxisomal genes. Ectopic expression of PGC-1α in fully differentiated mouse brown fat cells, mesenchymal stem cells (10T1/ 2), and rat hepatoma (FAO) cells (Fig. 2 A-C) induced peroxisomal β-oxidation genes, including ACOX1 and PBFE, and critical peroxisomal biogenesis factors, such as peroxins Pex11α, -11β, -13, and -16 (13) (14) (15) (16) . As shown in Fig. 2D and Fig. S1 , this transcriptional regulation was accompanied by increases in protein levels for many of these factors. Next, to test whether our observations were species specific, we ectopically expressed PGC-1α in human cells. The expression of genes involved in β-oxidation and peroxisomal assembly was induced by PGC-1α in the human U2OS cell line, whereas genes involved in other peroxisomal enzymatic functions, such as those catalyzed by the insulin-degrading enzyme (IDE) and xanthine dehydrogenase (XDH), involved in the degradation of oxidized proteins and in oxidative metabolism of purines, were not affected (Fig. 2E) .
Our results suggest that PGC-1α promotes peroxisomal specialization through selective induction of genes. To determine whether this specialization was accompanied by an increase in peroxisomal number, we quantified the number of peroxisomes in cells that overexpressed PGC-1α. To examine organelle biogenesis, we generated a cell line that constitutively expresses a red fluorescent protein (RFP) fused to the peroxisomal import signal SKL (RFP-SKL) (17) . These reporter cells (RFP-SKL-U2OS) were transduced either with adenoviral particles expressing an empty vector or PGC-1α. PGC-1α expression alone was sufficient to increase the number of peroxisomes per cell (Fig. 2 F and G) .
Given our observations showing that PGC-1α can induce peroxisomal remodeling and biogenesis in vitro, we wished to test the effects of PGC-1α expression in vivo. Liver represents a convenient target tissue system for transduction of exogenous genes. To benefit from this model, we used tail vein injections in mice to transduce their livers with adenoviral particles containing either PGC-1α or empty control vectors. Posttransduction, we monitored the levels of peroxisomal proteins and measured organelle biogenesis. Ectopic expression of PGC-1α in mouse livers increased the levels of ACOX1, Pex13, and PMP70 ( Fig. 3A and Fig. S2 ). To evaluate organelle biogenesis, we used immunostaining on biopsy samples obtained from transduced livers. Fig. 3B shows immunohistochemical analysis of tissue samples obtained from mice transduced with PGC-1α adenovirus or control. Using antibodies to PMP70 we found increased numbers of peroxisomes in PGC-1α transduced livers. Fig. 3C shows quantification of organelle numbers using fluorescent microscopy, confirming that there were significantly more peroxisomes per cell in liver samples transduced Fig. 1 . Peroxisomes are induced in brown fat during differentiation and in cold exposure, along with mitochondria. mRNA expression of peroxisomal (A) and mitochondrial (B) genes in undifferentiated and differentiated brown adipocytes. All values were normalized using 36B4. (C and D) mRNA expression of peroxisomal genes in brown fat tissue of 7-wk-old C57BL/6J female mice maintained at 29°C or after cold exposure at 4°C for 7.5 h (n = 3). All values were normalized using 18S. (E) Immunohistochemistry of brown fat tissue obtained from 9-wk-old C57BL/6J female mice kept at 29°C or cold exposed at 4°C for 7.5 h, using antibodies against PMP70 and Alexa Fluor 568 goat anti-rabbit (red). The samples were counterstained with the nuclear dye DAPI (blue) (magnification 100×). (F) Quantification of peroxisomal abundance in brown fat tissue at 29°C or after cold exposure (at 4°C). Results are shown as relative peroxisomal number per cell ± SEM (n = 3). Statistical significance was determined by unpaired two-tailed Student's test.
# P < 0.01, ## P < 0.001, *P < 0.05, **P < 0.01, ***P < 0.001.
with PGC-1α. These data support a role for PGC-1α in inducing peroxisomal biogenesis in vivo.
Peroxin Expression Depends on PGC-1α. We have shown that PGC-1α is sufficient for peroxisomal biogenesis and remodeling. To assess whether these processes require PGC-1α, we examined peroxisomal function in PGC-1α knockout (KO) cells. As previously demonstrated (11), PGC-1α KO cells differentiate into brown fat without impediment, and, when properly stimulated, PGC-1α KO preadipocytes differentiate into phenotypically identifiable adipocytes, expressing markers of differentiation. Induction of brown fat differentiation in wild-type (WT) cells led to significant increase in ACOX1 and Pex13 and -16, whereas the induction of these genes was blunted in PGC-1α KO cells (Fig. 4A) . Although true thermogenic responses cannot be fully replicated in vitro, cAMP stimulation is often used to simulate the adrenergic activation of BAT during cold exposure. We compared the effects of cAMP treatment in PGC-1α KO cells to those obtained in WT cells. As shown in Fig. 4B , the induction of both Pex13 and -16 was significantly reduced in PGC-1α KO cells compared with WT, suggesting that PGC-1α is required for induction of peroxins in response to β-adrenergic stimuli. Interestingly, only a subset of peroxin genes appeared to be regulated by PGC-1α.
The nuclear receptor PPARα plays a pivotal role in regulating hepatic peroxisomal proliferation (18, 19) , therefore we wished to examine whether PGC-1α influenced the peroxisomal compartment through this pathway. To determine whether PPARα played a significant role in the activation of peroxisomal gene expresssion in BAT, we assessed induction of β-oxidation and peroxisomal genes in brown fat tissue of mice treated with fibrates. As shown in Fig. 4C , known PPARα target genes such as ACOX1 and PTHIO were not induced in brown fat in response to fenofibrate treatment, suggesting that PPARα is not involved in the regulation of these genes in BAT. Conversely, fenofibrate significantly induced liver peroxisomal gene expression in these mice. Statistical significance was determined by unpaired two-tailed Student's test. *P < 0.05, **P < 0.01, ***P < 0.001.
To determine whether PGC-1α requires PPARα to regulate Pex13 and Pex16 during cold exposure, we assessed whether these genes can be induced in cold exposure in mice lacking PPARα. Interestingly, both peroxisomal genes (Fig. 4D) were induced at equal levels in BAT of WT and PPARα KO mice, suggesting that PGC-1α regulates biogenesis through transcriptional cooperation with other DNA binding factor(s). These data show that PPARα, required for the regulation of hepatic peroxisomal gene expression in response to fibrates, is dispensable for the induction of peroxisomal genes in BAT in response to cold. To determine whether other known PGC-1α interacting factors could be involved in PGC-1α-mediated peroxin gene induction, we assessed the mRNA levels of Pex13, Pex16, and Pex19 in 10T1/2 cells expressing PGC-1α when ERRα, NRF2, and Foxo1 were knocked down. Despite a significant reduction in the endogenous levels of these factors achieved by siRNA expression, no reduction in gene expression in any of the peroxins examined was observed (Fig. S3) , suggesting that PGC-1α regulates these peroxins via a yet uncharacterized transcription factor.
To assess whether PGC-1α induction of peroxisomal biogenesis requires PPARα in the context of the liver, we ectopically expressed PGC-1α in livers of WT and PPARα KO mice and measured peroxisomal proliferation by confocal microscopy of PMP70 immunostained biopses. As shown in Fig. 4 E and F, peroxisomes increase in number in the livers of both WT and PPARα KO mice when PGC-1α is ectopically expressed, suggesting that PGC-1α is a critical regulator of peroxisomal biogenesis.
Discussion
In response to metabolic challenges, cells reorganize their organelles by changing their enzymatic composition, their membrane structure, and by altering the total number of select organelles (1) . Through these modifications, cells cope with hormonal cues or nutrient challenges; for instance, in response to β-adrenergic stimulation, brown fat cells specifically increase the total numbers of mitochondria as well as their repertoire of respiratory enzymes, thereby increasing their capacity for thermogenesis (11) .
In this study, we demonstrate a prominent role for PGC-1α in orchestrating peroxisomal remodeling and biogenesis, suggesting significantly more coordination in cellular responses to metabolic stimuli than previously appreciated. Gain-of-function experiments show PGC-1α sufficiency in inducing both peroxisomal remodeling and biogenesis. This link appears to be quite robust because our findings apply to both rodent and human cells, which have generally been considered to have divergent responses to fibrates. In support of our results in cell lines, we have also demonstrated similar changes in in vivo conditions.
Peroxisomes generated via overexpression of PGC-1α are specialized in a subset of functions related to β-oxidation, whereas expression of genes encoding for other peroxisomal enzymes is not affected. These changes in enzyme composition and in peroxisomal number induced by PGC-1α are reminiscent of the effects observed in yeast during the shift in their growth to oleic acid as a sole carbon source. Under those growth conditions, expression of genes encoding for enzymes involved in β-oxidation are accompanied by expansion of the peroxisomal compartment, producing a net increase in number of these specialized organelles per cell (20) .
Our studies suggest that the peroxisomal program induced by PGC-1α is PPARα independent. Given the central role of fibrates and PPARα in regulating peroxisomal abundance, this result was a surprise. We further show that fibrates, which are highly effective in inducing peroxisomal gene activation in liver, do not regulate the expression of peroxisomal genes in BAT. We show here that PGC-1α induces a series of genes in BAT that have not been previously described as PPARα target genes and that lack PPRE sites in their promoters. Specifically, PGC-1α induces Pex11β, a gene known to be a potent peroxisomal biogenesis factor in the absence of fenofibrate (13) . Others have demonstrated that the ectopic expression of Pex11β promotes peroxisome proliferation in cells that are peroxisome deficient due to absence of functional Pex5 (21) . Given the relevance of Pex11β in peroxisomal proliferation, the induction of this specific peroxin by PGC-1α during cold exposure in BAT is significant. PGC-1α appears to be activating a PPARα-independent pathway of organelle biogenesis in response to very specific conditions of high fuel and energy demand. In addition to Pex11β, we found that the expression of Pex13 and -16, whose mutations lead to Zellweger syndrome (15, 16, 22) require PGC-1α. These genes are dramatically reduced in PGC-1α KO cells. No PPRE sites have been previously identified in the Pex13 and -16 promoters, suggesting that these proteins are regulated in a PPARα-independent way.
In conclusion, our data show a critical role for PGC-1α in the regulation of peroxisomal function and biogenesis. Furthermore, we demonstrate a unique transcriptional network governing peroxisome function that is independent of PPARα. It is of interest to examine whether PGC-1α effects on peroxisomes described in BAT and liver could extend to tissues such as the brain, where PGC-1α function has also been shown to be critical. Novel chemical regulators of PGC-1α that may lead to peroxisomal remodeling and biogenesis could be promising for the treatment of disorders such as Zellweger syndrome (23) .
Materials and Methods
Constructs and Reagents. Adenoviruses expressing GFP and PGC-1α were a kind gift of B. M. Spiegelman (Harvard Medical School, Boston, MA). The RFP-SKL plasmid was a generous gift of J. Lippincott-Schwartz (National Institute of Child Health and Human Development, National Institutes of Health, Bethesda, MD). The primary antibodies against PMP70, ACOX1, and β-actin were obtained, respectively, from Invitrogen, Abgent, and Sigma. Anti-PGC-1α, -Pex13, and -DLP1 antibodies were purchased from Santa Cruz. The secondary antibodies ECL Rabbit IgG, HRP-linked, and ECL mouse IgG, HRPlinked were purchased from GE Healthcare. Alexa Fluor 568 and 594 goat anti-rabbit secondary antibodies were purchased from Invitrogen. Insulin, T3, IBMX, dexamethasone, indomethacin, dibutyryl cAMP, and fenofibrate were purchased from Sigma-Aldrich and geneticin from Invitrogen. Cell Culture. U2OS and 10T1/2 were purchased from ATCC and FAO cells were purchased from Sigma. Immortalized WT and PGC-1α null mouse brown preadipocytes were a generous gift of B. M. Spiegelman (Harvard Medical School, Boston, MA). U2OS, 10T1/2 cells and brown preadipocytes were maintained in DMEM (Cellgro) containing 10% FBS (HyClone) and 1% pen/ strep (Cellgro). FAO cells were maintained in F12 medium with L-glutamine (Gibco) supplemented with 10% FBS and 1% pen/strep. Adipocyte differentiation of brown preadipocytes was performed as previously described (24) .
To stimulate the thermogenic program, fully differentiated brown adipocytes were incubated with dibutyryl cAMP for 4 h. A clonal U2OS cell line stably expressing RFP-SKL was generated by transfecting the RFP-SKL plasmid with FuGene (Roche), followed by geneticin selection (500 μg/mL) and isolation of a single colony using a cloning cylinder. For adenoviral infections, RFP-SKL-U2OS cells were infected with 400 multiplicity of infection (MOI) of PGC-1α or GFP adenovirus in 0.5% FBS-containing medium. Cells were harvested for RNA analysis 48 h after infection or fixed for peroxisome staining 72 h after infection. 10T1/2 cells and FAO cells were plated at 70% confluency and infected with PGC-1α or control adenovirus in 0.5% FBS containing medium and harvested for mRNA or protein analysis 72 h postinfection. Fully differentiated brown adipocytes were infected with 4,000 MOI of PGC-1α or control adenovirus in 10% FBS medium after preincubation of the viral particles with lipofectamine (Invitrogen) to improve adenoviral infection efficiency. Cells were collected for RNA analysis 72 h later. For knockdown experiments, 10T1/2 cells (0.25 × 10 6 ) were transfected with 100 nM siRNA (siGENOME SMARTpool, Dharmacon) using the 96-well Amaxa Shuttle (Lonza). Forty-eight hours after transfection, cells were infected with 600 MOI of PGC-1α or GFP adenovirus in 0.5% FBS medium and collected for RNA analysis 48 h later.
Gene Expression Analysis. Total RNA was extracted from cultured cells or tissues with TRIzol (Invitrogen) and treated with DNase (Ambion). mRNA was reverse transcribed using the High Capacity cDNA Archive kit (Applied Biosystems). Real-time PCR was performed with the ABI PRISM 7900HT sequence detection system (Applied Biosystems) using SYBR green (Roche). Gene expression levels were determined using the delta Ct method, after normalization to 18S or 36B4 expression. Sequences of primers used for real-time PCR are listed in Table S1 .
Western Blot Analysis. Whole-cell extracts were prepared using lysis buffer containing 50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1mM EDTA, 1% Triton X-100, 1% sodium pyrophosphate and protease inhibitor mixture (Roche). Tissue whole-cell extracts were prepared by grinding samples in lysis buffer. Western blots were performed using polyacrylamide 4-12% Bis-Tris gradient Results are shown as relative number of peroxisomes per cell ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, # P < 0.05, ## P < 0.01. Statistical significance was determined by two-way ANOVA followed by Bonferroni posttest in A, B, D, and F and by unpaired two-tailed Student's test in C. gels (Invitrogen) and PVDF membranes (Pall). Detection and autoradiography were performed using ECL (Pierce) and B-Plus films (Ewen-Parker X-Ray). Blots were quantified using Adobe Photoshop CS2 9.0 software.
Immunofluorescence. RFP-SKL-U2OS cells were plated at 50% confluency on Lab-Tek slides (Nalge Nunc International) and fixed, after infections, in 4% formaldehyde (Invitrogen) for 15 min at 37°C. Tissues were dissected and fixed in 4% paraformaldehyde (Electron Microscopy Sciences) overnight at 4°C
, rinsed with PBS, cryopreserved in 30% sucrose, and embedded in OCT (Electron Microscopy Sciences). Cryosections of liver (6 μm) and brown fat (8 μm) were air dried for 45 min, stained for PMP70 with the peroxisome labeling kit (Invitrogen), according to manufacturer protocol, mounted with DAPI-containing solution (Invitrogen), and analyzed with an Axioplan 2 imaging microscope (Carl Zeiss). Images were captured using a CoolSNAP HQ camera (Photometrics) and processed with IP Lab 3.9 software (Scanalytics). The number of peroxisomes per cell was quantified by counting the number of PMP70 positive organelles per cell in at least 20 randomly selected cells for each condition, using Adobe Photoshop CS2 9.0 software.
Confocal images were acquired using a Zeiss LSM 510 META microscope with a 63× NA = 1.4 oil immersion objective (Carl Zeiss MicroImaging). Peroxisome quantification of confocal images was performed using the Granularity Application Module of the MetaMorph software (64-bit, version 7.6.5.0, Molecular Devices).
Animal Experiments. All animal experiments were performed according to guidelines of the National Institute of Diabetes and Digestive and Kidney Diseases' Animal Care and Use Committee. C57BL/6J mice were purchased from The Jackson Laboratory and Taconic and PPARα null mice were obtained from Taconic. Adenoviruses expressing GFP and PGC-1α (0.5-2 × 10 9 PFU)
were delivered by tail-vein injection. Livers were collected 5 d after injection: a portion was fixed in 4% paraformaldehyde for immunofluorescence, and the remaining tissue was snap frozen and stored at −80°C. For cold-exposure experiments, mice individually caged and kept overnight at 29°C were exposed to cold temperatures (4°C) with free access to water for 5 or 7.5 h. Interscapular brown fat was divided into two parts, one of which was used for immunofluorescence and the other for RNA processing. For fibrate treatment, mice were fed powdered chow with or without fenofibrate (at 0.2% wt/wt) for 2 wk.
Statistical Analysis. Data were compared by t test or ANOVA analysis followed by Bonferroni posttest, as indicated, using Prism 5 software (GraphPad Software). Differences were considered significant with P < 0.05. Results are shown as means ± SEM, with n as the number of independent experiments.
